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INTRODUCTION

Herbicides are essential to many agricultural operations in the
United States, primarily because of the prohibitive cost of the hand
labor which would otherwise be required to control weeds.

Even though

millions of pounds of herbicides are used annually in the U.S. now,
it Is projected that their use will increase dramatically in the
future (1).

Despite the importance of herbicides to agriculture,

their continued use may contribute to environmental pollution.

And

although herbicides are used extensively, in many cases it is not even
known how these chemicals are toxic.

The elucidation of the mode of

action of a herbicide, in addition to providing information for making
more selective herbicides, would also provide valuable information
In considering the safe use of the material.
Some herbicides are metabolic poisons.

For example, CMU, DCMU,

Simazlne and atrazine inhibit various photosynthetic processes (2).
CIPC, CDAA and ioxynil have been found to inhibit protein synthesis (2).
Amitrole, dichlormate, and pyriclor have been reported to inhibit
carotenoid synthesis (3).

On the other hand, dicamba, 2,4-D and

plcloram stimulate ethylene production, enhance protein and nucleic
acid synthesis (2) and are considered as auxin-type herbicides.
Alachlor [2-chloro-2‘,6'-diethyl-N-(methoxymethyl) acetanilide].
Is a new herbicide used for selective weed control in several agronomic
crops (4) Including corn, soybeans, cotton and peanuts.

To date,

however, very little information has been published on the physiological

2

effects of this herbicide.

Chandler et_al_. (5) reported that ^-labelled

alachlor was taken up through both roots and leaves by wheat, a
susceptible species, and soybean, a species resistant to alachlor.
Eshel (6) indicated that alachlor was most toxic to cotton when the
entire root system of the plant was exposed to soil treated with alachlor.
He assumed that the main entrance of alachlor to the plant was through
the roots.
On the basis of a report (7) that propachlor, another acetanilide
herbicide, inhibited protein synthesis in cucumber, it has been suggested
that the mechanism of action of alachlor involves the inhibition of
protein synthesis (8).

Edmondson (9), however, working with cucumber

seedlings could find no effect of alachlor on either nucleic acid or
protein synthesis.
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EFFECT OF ALACHLOR ON AVENA SEEDLINGS

Part I

The Inhibition of Avena Seedling Growth and the
Interaction with Gibberellic Acid and Indoleacetic Acid
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ABSTRACT

The growth of Avena seedlings was fcjnd to be inhibited by alachlor
with the time of onset of Inhibition after treatment being a function
of alachlor concentration.

At the highest alachlor concentration

(2.5 x 10’Sl) there was a 12 hour lag period following treatment before
growth inhibition could be measured.

This lag period may be due to

uptake and translocation of alachlor from the roots to the leaves
and shoot meristem or to the exhaustion of certain growth-limiting
substance(s) whose biosynthesis is inhibited by alachlor.

Additions of

GA^ simultaneously with alachlor or after alachlor treatment did not
prevent growth inhibition.

However, treatment with GA^ClO

.3

M) 24 hours

prior to alachlor resulted in normal growth throughout the test period.
The Interaction between alachlor and IAA was less clear and is also
discussed.
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Alachlor, 2-chloro-2‘, 6'-diethyl-N-(methoxymethyl) acetanilide,
Is a new herbicide used for pre-emergence or early post-emergence
weed control in several agronomic crops (6).

Low concentrations (10"5M)

Inhibit the growth of some dicot species as well as that of several
grasses such as fall panicum, witchgrass, barnyard grass, Japanese
millet, wheat and oats.

A number of chemical compounds which have

the specific effect of retarding stem elongation have been reported
in the past decade (13, 16, 17).

These compounds include 2-chloroethyl-

trimethyl ammonia chloride (CCC), 2, 4-dichlorobenzyltributyl phosphonium
chloride (phosfon-D), allyl trimethyl ammonium bromide (AMAB) and
2-isopropyl-4-dimethyl amino-5-methyl-1-pi peridinecarboxylate methyl
chloride (AMO-1618).

Several authors have noted that responses to

these growth inhibitors tend to be the opposite of responses to
gibberellin (3, 15, 18).

Lockhart reported (11) that both phosfon-D

and CCC interact competitively with added gibberellin.

He concluded

that phosfon-D and CCC act to retard stem elongation by partially
blocking the system which provides active gibberellin.

Dennis et al.(5)

demonstrated that in higher plants AMO-1618, phosfon-S (tributyl-2,
4-dichiorobenzyl ammonium chloride) and phosfon-D inhibit the formation
of (-)-kaurene and (-)-kauren-19-ol from transgeranylgeranyl pyro¬
phosphate, precursors of gibberellins (8).

Kuraishi and Muir (10)

reported that these same growth retardants also reduced the auxin
level in treated plants.

In this paper we report the effect of

alachlor on growth responses of Avena seedlings and the relationship
with GA and IAA.
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MATERIALS

AND

METHODS

Oats (Avena sativa cv. Orbit) were seeded in 6.5 cm diameter
plastic pots filled with quartz sand (7 seeds/pot).

The drainage

hole in each pot had been plugged with cheesecloth and the sand
saturated by placing the pots in a tray of water.

The seeded

pots were then held in the dark at 18 - 1°C for 2 days, at 25 2°C for 1 day and then transferred co a growth room where the
plants were grown under continuous fluorescent light (800 ft-c)
at 27 - 1.5°C.

The seedlings were thinned to 5 plants per pot

after germination.

Under continuous light the elongation of

Avena seedlings was linear between the second and sixth day after
seedling emergence.

Unless otherwise stated, alachlor was applied

when the seedlings were approximately 5 cm high.
Alachlor or GA^ was prepared in half strength Hoag!and's
solution.

Each pot received 40 ml of treatment solution which was

supplied in a styrofoam cup into which the seedling pot was placed.
Plant height was measured immediately after alachlor treatment and
at 6 or 8 hour intervals up to at least 60 hours after treatment.
Technical alachlor with a purity of 99% was obtained through the
courtesy of Monsanto Company.
In other experiments seedlings were germinated and grown by
arranging the seeds between a layer of wet paper towels and a
fiberglass screen mesh.

Two additional layers of wet paper towels

were used to cover the other side of the mesh (side without the
seeds) and then the towels and mesh with seeds were made into a
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cylinder with a hollow center of 5 mm diameter for aeration.

The

wrapped seeds were allowed to stand in a beaker filled with water
and kept in the dark at room temperature during germination.

When

coleoptlles were about 2.5 cm in length, they were cut into 5 mm
sections, 3 mn below the tip for the study of the effect of alachlor
on IAA-induced coleoptile elongation.

The procedure for incubation

of the coleoptile sections was that described by Nitsch and Nitsch (12).
The excised coleoptiles were incubated in 55 mm diameter Petri dishes
for 25 hours on a rotary shaker (1 rpm).

The Petri dishes contained

one Tayer of filter paper and 5 ml of a buffered medium consisting
of 5 x 10

.3

M potassium phosphate buffer, pH 6.4; 1% sucrose; 125/jg

streptornycin sulfate; and the desired concentration of alachlor or
IAA or both.

The length of the sections was measured using a photo¬

graphic enlarger.
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RESULTS

AND

DISCUSSION

The growth inhibition response of Avena seedling was dependent
on alachlor concentration (Fig. 1).

As the concentration increased

the time of onset of inhibition decreased.

No inhibition was

observed at a concentration of 3.7 x 10"^M.

Thus the time of onset

of inhibition is a function of alachlor concentration and at least
12 hours were required to induce inhibition by 2.5 x 10
applied by subirrigation.

-4

M solution

Figure 1 also shows that shortly after

inhibition began, it became complete even with these sublethal
doses.

Leaf elongation also was retarded and no new leaves developed.

The 12 hours required to induce alachlor inhibition may reflect
the time needed for alachlor uptake, the time needed for alachlor
action, or both.

To investigate the time requirement for alachlor

to get into the plant tissue, seedlings were germinated and grown
in the paper towel-fiberglass screen cylinders.

When the coleoptiles

reached 2 cm in length, the paper towels were removed and the
seedlings were left on the fiberglass screen.

An estimate of the

rate of uptake of alachlor was obtained by immersing their roots in
2.5 x 10

-4

M alachlor for different time periods in the dark, after

which the seedlings were washed with distilled water 4 times and
then transferred to half strength Hoagland's solution.

Growth was

determined by measuring the increase in the shoot height 2, 3 and 4
days after alachlor treatment.

Figure 2 shows that it took 4 to 8

hours of incubation with alachlor to obtain maximum inhibition.
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Figure 1.

Effect of alachlor concentration on the onset of

growth inhibition.

Seedlings were grown under continuous

fluorescent light (800 ft-c) and at 27 - 1.5°C.
was applied when seedlings were about 5 cm high.
the average of three replications.

Alachlor
Data are

TIME (HOURS)

Figure 2.

Growth of Avena coleoptiles following treatment

with 2.5 x 10

-4

M alachlor for various time periods.

The roots of dark grown seedlings were immersed in
alachlor solution for the indicated time periods and
then transferred to half strength Hoagland's solution.
Growth was measured at 2, 3 and 4 days after treatment.
Results are the average of three replications.
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This observation agrees with Chandler's (4) report that uptake of
14
C-alachlor by wheat roots reached a maximum at 4 hours. In our
experiments, with alachlor at a concentration of 5 x 10

-5

M, the

onset of inhibition occurred between lb and 24 hours following
treatment.

The results indicated that there is at least an 8 hour

lag period following uptake before inhibition by alachlor occurs.
The lag period may be due to the translocation of alachlor from
root tissue to the affected sites, e.g. leaves and meristematic
tissue (4), or due to the exhaustion of certain growth-limiting
substance(s) whose biosynthesis was inhibited by alachlor.
If the inhibition of oat seedling growth caused by alachlor
were due to an effect on endogenous gibberellin (GA) levels, then
exogenously added GA should overcome the effect of alachlor.

To

test this possibility, GA^ was applied either 24 hours before,
simultaneously with, or 24 hours after alachlor treatment.

The

results (Table I) show that GA^ at a concentration of 5 x Kf^M,
when added simultaneously or 24 hours after alachlor treatment,
had little or no effect on the alachlor inhibition.

However, when

GA^ was added 24 hours before alachlor treatment it delayed the
onset of inhibition, especially at the lower alachlor concentration
(5 x lCf6M).

This GA3 treatment also reduced the extent of

Inhibition by the 5uM alachlor from 100 to 29%.
The data in Table I show that GA., was most effective when
applied prior to alachlor treatment.

A possible interaction between

GA and alachlor was studied further by applying GA^ over the
concentration range of 0 to 10

M applied 24 hours before alachlor
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Table I.

The Effect of GA on Alachlor Inhibition of Oat
Seedling Growth.

GA (5 x 10~^M)was added 24 hours before, simultaneously
with, or 24 hours after alachlor treatment.

Growth was

measured every 6 hours following treatment up to 66 hours.
Data are the average of three replications.

Inhibition
at 66 hours

Alachlor

Time of onset
of inhibition

(Cone. H)

(Hr)

w
m

5 x 10*6

42

100

5 x 10'5

24

100

GA added 24 hour

5 x 10"6

50

29

before alachlor

5 x 10*5

42

90

GA added with

5 x 10*6

48

78

alachlor

5 x 10*5

28

100

GA added 24 hour

5 x 10"6

42

TOO

after alachlor

5 x IQ*5

24

100

GA Treatment

No GA
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treatment.

The results (Figure 3) show that GA^ completely prevented

alachlor inhibition only at a concentration of 10

M.

Lockhart (11)

In a kinetic study of antigibberellins demonstrated that phosfon-D
and CCC were Interacting competitively with added gibberellin,
while the inhibition of stem growth by maleic hydrazide could not
be overcome by large doses of gibberellIn, thus indicating that
maleic hydrazide acts independently of the promoting effect of
gibberellin.

The results shown in Figure 3 are similar to those

of Lockhart's for the interaction of both phosfon-D and CCC with
GA.

However, an important distinction between Lockhart's work and

this experiment is that the former applied the GA and growth retardant
simultaneously whereas we found that GA must be applied 24 hours
before alachlor in order to overcome the alachlor inhibition.
Therefore, we suggest that the interaction between GA and alachlor
Is not the same as it is for the so-called "anti-gibberellins" (11).
In studying the interaction betv/een IAA and alachlor with
Intact oat plants, it was found that IAA did not overcome the
Inhibition of alachlor.

This may have been the result of a very

active IAA inactivating system (1).

Therefore, the interaction

between alachlor and IAA was studied using excised Avena coleoptiles.
The excised coleoptiles were incubated in buffer with either
alachlor or IAA or both for 25 hours on a rotary shaker.
results indicated that alachlor at a concentration of 10
10

-4

The
-5

and

M Inhibited the coleoptile elongation by 17 and 67 percent,

respectively, as compared to the control (Figure 4).

The addition

of IAA did not overcome alachlor inhibition at the levels tested.

Figure 3.

Effect of GA^ and alachlor on the growth of

Avena seedlings.

Plants were grown under continuous

light (800 ft-c) and 27 - 2° C.

When seedlings were

4 cm high, 40 ml of the appropriate concentration
of GA^ was applied 24 hours before alachlor treatment.
Shoot growth was measured 12 and 60 hours after
-5
treatment with 40 ml of 5 x 10 M alachlor. Data are
the average of three replications.
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Figure 4.

Effect of alachlor and IAA on elongation of

excised Avena coleoptile sections.

The sections

were incubated with alachlor, IAA or both in a
buffer containing 5 x 10

„3

M potassium phosphate,

pH 6.4, U sucrose, and 25 /jg/ml streptomycin for
25 hours.

Results are the average of three

replications.
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On the contrary, alachlor appeared to inhibit the promotive
effect of IAA.
In determining whether or not an interrelationship exists
between two factors, Lockhart (12) suggested that if a chemical
affected the biosynthesis of a growth factor, it would interact
with exogenously added growth factor.

If the chemical affected

another part of the growth system, there would be no interaction
with added growth factor.
(10

.3

Since GA^ at a high concentration

M), when added prior to alachlor, largely prevented the

alachlor inhibition, it seems that there may be some interaction
between GA^ and alachlor.
be direct.

However, this interaction may not

Based on our results, we suggest that GA may produce

a substance(s) in Avena tissue which prevents the inhibition
caused by alachlor.

22
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ABSTRACT
Results of experiments aimed at determining the effect of
alachlor on protein metabolism suggest that the inhibitory effect
of alachlor on Avena seedling growth is not by any general
inhibition of protein synthesis.

A greater incorporation of

^C-leucine into protein in alachlor-treated plants was
attributed to a greater uptake of the labeled amino acid.
5 x TO

-5

At

M, alachlor had no inhibitory effect on GA induced alpha-

arnylase synthesis in barley half-seeds.

Additionally, alachlor

had no inhibitory effect on nitrate reductase activity at the
concentration shown to inhibit Avena seedling growth.

However,

L-phenylalnine ammonia-lyase (PAL) activity was lower in alachlor
treated plants even one day after treatment.

The relationship

between alachlor, PAL activity and metabolism of phenolic
compounds is discussed.
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The mechanism of action of alachlor has been suggested to
involve inhibition of protein synthesis (19).

This is based in part

on the reported mode of action of propachlor, an analog of alachlor,
which was reported to inhibit protein synthesis in cucumber (2).
However, Edmondson (3) reported a greater incorporation of ^C-leucine
Into protein by alachlor-treated cucumber roots than controls even
up to the time when root growth essentially ceased.

He also indicated

that polyribosome formation was not affected by alachlor, while the
amount of RNA and DMA increased in root tissue of treated cucumbers.
Continued protein synthesis is essential for plant growth.
Cleland (1) reported that IAA-induced elongation of Avena coleoptile
was inhibited 20-25 min. after addition of cycloheximide, an inhibitor
of protein synthesis.

As reported in Part I, alachlor was shown to

inhibit plant growth after a short lag period following treatment.
This study was undertaken to determine whether this growth
inhibition (induced by alachlor) was due to an effect on protein
synthesis.

To this end this paper will report the results of the

effects of alachlor on total protein content, incorporation of
14
C-leucine into protein and the effect on the activity of several
enzymes.
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MATERIALS

AND

METHODS

Oat (Avena sativa cv. Orbit) seedlings were used as experimental
material and grown as previously described in Part I.
14

C-Leucine Incorporation. Two days after germination, the
-5
seedlings were treated with 5 x 10 M alachlor by subirrigation.
Samples were taken 12, 24 and 48 hours after treatment, and rinsed
with tap water.

Uniform shoots were excised at the base of the

mesocotyl with a sharp razor blade.

Approximately 1 g of plant

material was placed in 0.5 ml of the incubation medium with only
the base of the cut shoot immersed.

The incubation medium contained

0.01 M potassium phosphate buffer, pH 6.4, 1% sucrose, 20 /jg strepto¬
mycin sufate and 1.0 mumole of ^C-leucine with a specific activity
of 311 /jci/umole (0.25 jici per 0.5 ml, which gave 27,000 cpm in a
Nuclear Chicago gas flow counter).

The shoots were incubated with

0.5 ml of incubation medium for 3 hours at a temperature of 30° C
and a light intensity of 900ft-c.

At the end of the incubation

period the shoots were washed four times with 50 ml of a non-radioactive leucine solution of the same concentration.

Subsequently,

the shoots were ground with a 0.01 M phosphate buffer ph 6.5 in a
pre-chilled mortar to give a final volume of 10 ml.

The procedure

used followed the method described by Holleman and Key (6) with some
modifications.

After homogenization, a 0.5 ml aliquot of the homogenate

was taken for determination of total ^C-leucine uptake.

The remaining

9,5 ml of homogenate was made 10% with respect to trichloroacetic
acid (TCA), held for 1 hour at 0°C and then centrifuged 10 min

in a
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clinical centrifuge (2000 rpm).

The precipitate was extracted 3 times

with 0.5 N NaOH at 90° C for 15 min to dissolve the protein.

Cold TCA

was added to the alkaline extract to a final concentration of 10%.
The insoluble material was precipitated by centrifugation and washed
three times with 5% TCA.

The second washing included a 15 min incubation

at 95° C to remove nucleic acid.

The pellet was then washed twice with

80% acetone to remove pigments and fatty acids.
was dissolved in 2 ml of 2 N NH^OH.

Finally, the pellet

A 1 ml aliquot was used to

determine total protein and another 1 ml was dried on a planchet
over a hot plate and the activity counted in a Nuclear Chicago gas
flow counter.

The incorporation of ^C-leucine was expressed as both

cpm per gram fresh weight and cpm per mg protein.

Protein was

estimated by the biuret method using bovine serum albumin as a
standard (7).
Preparation of Enzyme Extracts.

Triplicate 1.5 g leaf samples

were excised at appropriate times after alachlor treatment.

The

tissue was ground with a small amount of sand in a pre-chilied
mortar with 7.5 ml (5 ml per g fresh weight) of 0.1 M Tris-HCl buffer,
pH 7.6, containing 0.1 M cysteine and 0.003 M ethylene-diamine tetraacetic acid.

The homogenate was filtered through two layers of

cheesecloth and centrifuged for 10 min at 22,000 xg.

The super¬

natant fluid was kept at 4° C and used for determining the activities
of nitrate reductase and phenylalanine ammonia-lyase (PAL).
Nitrate Reductase Assay.

Nitrate reductase was assayed using

both the in vitro (4) and in vivo (11) methods.

For the in vitro

assay, the procedure of Hageman and Flesher (4) was followed.

A
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standard reaction mixture contained the following in 3.0 ml;
40/jmoles KNO^, 110/jmoles potassium phosphate, pH 7.6, and 0.5/umoles
NADH.

The reaction was initiated by adding 0.2 ml enzyme to the reaction

mixture which was then incubated at 30°C for 30 min.

The reaction was

stopped by adding 1 ml of 1% (w/v) sulfanilamide in 1.5 NH^Cl. The
nitrite formed was estimated by adding 1 ml of 0.02% N-l-naphthylethyl enedi amine dihydrochloride in 0.2 NH^Cl. The absorbancy was
determined by reading each sample against its ov/n blank in a Beckman
DU-2 Spectrophotometer at 540 nm.

Nitrate reductase activity is

expressed in terms of/umoles of nitrite formed per gram fresh weight
or per mg protein per hour.
For the in vivo assay, a modification of the procedure of Mulder
et_ al. (11) was used.

A 0.5 g sample of leaves was weighed and cut

into 1 rrm-sized pieces and placed in a 15 mm by 150 rrm test tube.
To the'test tube were added 2.5 ml of 0.1M potassium phosphate
buffer, pH 7.6, 0.5 ml of 0.1 M succinate adjusted to pH 7.0 with
NaOH, 0.5 ml of 0.1 M KNO^ and 1 ml of distilled H2O.
was then incubated in a water bath at 30°C for 40 min.

The mixture
The reaction

was stopped by filtering the incubation solution directly into a
250 ml Erlenmeyer flask and developing the color as for the in vitro
assay.
L-Phenylalanine Ammonia-Lyase.
Reid et_ al_. (15).

PAL was assayed as described by

The reaction mixtures were prepared in 3 ml silica

cuvettes and included 2.1 ml of H^O, 0.5 ml of 0.2 M borate buffer
(pH 8.7) and 0.2 ml of enzyme extracts.

The reaction was started by

adding 0.2 ml of 0.1 M L-phenylalanine.

Substrate was

omitted from
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the blank.

The temperature was maintained at 30°C throughout the

course of the reaction.
was recorded.

The increase in optical density at 290 nm

A unit (U) of enzyme activity is defined as the amount

of enzyme which converts 1 urn of substrate to product at 30°C in 1 min (5).
GA-inducedcK'-Amylase.

The barley half-seed assay developed by

Phinney and Fukuyama (14) was employed.

The assay procedure followed

was mainly the one described by Perez (13).
Traill, was used.

Barley seed, variety

The seeds were dehusked and sterilized by soaking

in 50% I^SO^ for 2 to 2-1/2 hours at room temperature.

The seeds were

washed with sterilized water 10 times and then cut in half to remove
the embryo.

The endosperm seed halves were treated either with

5 x 10’4 or 10”3M alachlor or sterilized distilled H20 for 4 hours.
Afterward the treated seed halves were incubated with 0.1 ml of
10“4M GA per half seed in Petri dishes containing potato dextrose
agar for 25 hours in the dark at 25°C.

At the end of the incubation

period, I-KI solution (0.5 g I and 2.0 g KI in 150 ml of water) was
added to the agar plates and the diameters of the haloes were measured
using a photograph magnifier.

This assay was based on the diffusion

of o<-amylase into the agar resulting in the formation of a clear
halo surrounded by a blue-purple background caused by I-KI solution.
This experiment was repeated 3 times with 3 replications for each
treatment and 5 half-seeds for each plate.
All experiments were repeated 3 to 4 times.
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RESULTS
Shoots of alachlor-treated plants contained an amount of protein
equivalent to that of untreated tissue when expressed on a fresh
weight basis (Table I).

When the protein content was expressed

on a per plant basis, it became apparent that the control plants
contained slightly more protein than did the alachlor-treated.
This is readily explained as due to continued growth of the control
plants.

However, the alachlor-treated plants had ceased growing

two days after treatment but the protein content continued to increase
(Table I).

Therefore, the increase in protein in the whole shoot

between four and six days following treatment cannot be attributed
to shoot growth.

Growth had ceased but protein synthesis had not.

To test whether the greater protein content in the alachlortreated plants was due to enchanced biosynthesis, a study of amino
acid incorporation using

14

shoots were incubated with
light (900 ft-c) at 30°C.

C-leucine was conducted.
14

Excised Avena

C-leucine for 3 hours under fluorescent

There were no differences between control

and treated plants in the total absorption of

14

C-leucine nor in the

incorporation of the leucine into protein 12 hours after treatment (Table
II);.

The incorporation of ^C-leucine into protein increased with

longer periods of alachlor treatment (24 and 48 hrs) but this appeared
to be mainly a reflection of greater absorption of

C-leucine by the

alachlor-treated plants.
To further explore the effect of alachlor on protein synthesis
the activities of nitrate reductase and PAL were determined following

32

Table I.

Water Soluble Protein Content of the Shoots of
Control and Alachlor-treated Avena Seedlings.

Tissues were ground with a small amount of sand in a
mortar with 5 ml per g fresh wt. of 0.1 M phosphate buffer
pH 7.4.

TCA precipitation and biuret method were used for

the estimation of protein with bovine serum albumin as a
standard.

Data are the average of 3 replications.

Time After
Treatment

days

Soluble Protein
Alachlor-treated

Control

mg/g fresh wt

mg/shoot

mg/g fresh wt

mg/shoot

1

17.6

±

0.5

1.31 ± 0.03

15.9 ± 0.6

1.13 ± 0.12

2

14.6

t

1.0

1.65

±

0.15

14.0

t

1.3

1.42 ± 0.13

3

14.5 ± 1.2

2.26

t

0.25

16.1

±

1.2

1.80 ± 0.19

4

13.2 ± 0.6

3.03 t 0.24

15.8 ± 0.4

2.49 ± 0.09
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Table II.

^C-Leucine Incorporation into Protein of Avena
Shoots Treated with Alachlor.
Data are the average of 3 replications.

Time After
Treatment
hr
12
24
48

Total
Absorption
cpm/g

Control
Alachlor

6.06 ± 1.28
5.97 t 0.64

Control
Alachlor

7.14 t 0.71
8.62 t 0.46

Control
Alachlor

8.22 ± 0.91
10.68 ± 0.47

^C-Leucine Incorporation into Protein

of
control
%

cpm/g
fresh wt

of
control
%

99

1602 ± 325
1700 ± 262

121

1034 ± 102
1283 ± 145

130

2112 ±
2800 t

82
11

cpm/mg
protein

of
control
%

106

109
113

27
17

104

124

120 t 6
136 ± 12

113

133

113
159

134

t
t

±
t

6
13
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alachlor treatment.

Both of these enzymes are reported to have

a short half-life (10, 16) and thus if alachlor is generally inhibiting
protein synthesis it should be possible to monitor this effect by
following the change in the activities of these two enzymes.
During the first 3 days following alachlor treatment, in vitro
nitrate reductase activity decreased equally in control and treated
plants (Table III).

The activity continued to decrease in control

plants with increasing age, but there was a marked increase in
activity in the alachlor-treated plants 4 and 6 days after treatment.
Grinding the tissue with polyclar-AT, which binds phenolic compounds,
significantly increased the amount of nitrate reductase activity
measured in the extracts.

This suggested that the enzyme was being

inactivated in the extraction process, and possibly more so in the
control than in the treated tissue.
To test this possibility, an in vivo assay was performed at the
same time for comparison with the activities obtained by the in vitro
method.

Again no differences between the control and alachlor-treated

plants were observed during the first 3 days following treatment
(Table III).

Beyond this time the enzyme activity remained constant

in the control and increased in the treated plants.

Thus, the apparent

loss of nitrate reductase activity observed by the in vitro method
may be a result of inactivation due to phenolic compounds released
on grinding (8).

Grinding the tissue with polyclar-AT partially

prevented this loss of activity.
In contrast to the effects of alachlor treatment on nitrate
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Table III.

Nitrate Reductase Activity of Avena Shoots
Treated with Alachlor as Measured by in vitro
and in_ vivo Methods.
Data are the average of three replications.

Time
_Nitrate Reductase Activities
After
In Vitro Method
•
In Vivo Method
Treatment
Control
Alachlor
Control
Alachlor

day

umoles NO2 /g fresh wt/hr

1

1.48 ± 0.27

1.22 ± 0.21

0.83

±

0.01

0.80 ± 0.05

2

0.46 ± 0.06

0.48

0.70

t

0.07

0.75 ± 0.06

±

0.004

0.88

±

0.02

3

0.20 ± 0.14
0.20 t 0.10
(1.11 ± 0.28)* (1.49 ± 0.31)*

0.87

4

0.10
(0.73

0.67 ± 0.05

1.14 ± 0.06

0.69

1.32 ± 0.05

6

t
t

0.08
1.06 ± 0.49
0.19)* (3.20 ± 0.54)*

0
1.42 t 0.18
(0.03 ± 0.01)* (1.52 ± 0.33)*

♦Tissue was ground with Polyclar-AT.

t

0.03

t

0.09
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reductase activity, alachlor inhibited L-phenylalanine ammonialyase activity within 1 day after treatment (Table IV).

The activity

of PAL in both the control and the alacnlor-treated plants declined
with age of the tissue but the decline was much more pronounced in
the alachlor-treated seedlings (Table IV).
Pal eg (12) has shown that the increase in oc -amylase activity
in barley endosperm is absolutely dependent upon added gibberellic
acid.

Varner (17) reported that GA-induced ^-amylase in barley

endosperm is accompanied by de novo

protein synthesis.

Therefore,

the barley half-seed bioassay technique was used as an indicator to
test whether alachlor is affecting the action of gibberellin in this
system.

Results in Table V show that alachlor did not inhibit the

GA-induced oC-amylase activity even at a concentration as high as
5 x 10

-4

M.

Increasing the alachlor concentration to 10

GA-induced ^-amylase activity by only 20%.

-3

M inhibited

In germination studies,

alachlor at a concentration of 10” M was not inhibitory to Avena
seeds.

Thus, it appears that alachlor concentrations which are

inhibitory to Avena seedling shoot growth are insufficient to inhibit
GA-induced ^-amylase synthesis.
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Table IV.

Effect of Alachlor on the Activity of Phenylalanine
Ammonia-lyase in Avena Shoots.
Date are the average of 3 replications.

Time
_Phenylalanine Ammonia-lyase Activity
After
Control
A1acnlor
Treatment
day

munits/g
fresh wt

munits/mg
protein

munits/g
fresh wt

T

61.8 ± 4.1

2.63 ± 0.33

46.3 ± 2.9

1.75 ± 0.17

2

44.5

2.13 ± 0.21

35.5

0.6

1.69 ± 0.12

3

38.8 ± 4.6

1.55

28.0 ± 2.5

0.99 ± 0.08

4

32.3 ± 1.7

1.76 ± 0.10

14.8

0.7

0.64 ± 0.04

7

21.5

1.26 ± 0.06

3.2 ± 0.9

0.16 ± 0.04

t

±

1.0

0.7

±

0.20

t

t

munits/mg
protein
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Table V.

Effect of Alachlor on GA-induced c<-amylase Activity

Endosperm half-seeds were treated with alachlor or water
for 4 hours and incubated in 0.1 ml of 10~^M GA by placing the
seed halves in the petri dish with the cut surface facing down
on the potato dextrose agar medium.

The data are the average

of three experiments with 3 replications for each experiment.

Treatment

Diameter of Haloes
(Cm)

Control
(h20)

1.23

±

0.05

Alachlor.
(5 x 10* n)

1.20

t

0

Alachlor
(10-3M)

0.99 ± 0.06

{%)

100
98
80
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DISCUSSION
In Part I of this study it was shown that alachlor inhibited
Avena seedling growth between 12 and 24 hours after treatment and
inhibition was completedlby 30 hours.

However, the protein content,

when expressed on a per plant basis, continued to increase up to
6 days following alachlor treatment.

This suggest that the inhibition

of growth induced by alachlor is not a result of general inhibition
of protein synthesis.

The possibility, however, that one or a few

proteins are affected by alachlor obviously cannot be excluded.
The results of studies of ^C-leucine incorporation into protein also
indicated that there was no inhibition by alachlor of protein
synthesis.

These findings agree with Edmondson's report (3), and

support the idea that the inhibitory effect of alachlor on plant
growth is not through the inhibition of protein synthesis in general.
The increased incorporation of ^C-leucine into protein is explained
on the basis of increased uptake of the labeled amino acid (Table II).
The difference in uptake may be due to differences in cell membrane
permeability resulting from the alachlor treatment.

Edmondson's (3)

results also showed an increased ^C-leucine uptake in cucumber
hypocotyl when incubated with alachlor at sublethal levels.

However,

in cucumber roots ^4C-leucine uptake was inhibited.
Further evidence to support the view that the primary mode of
alachlor action is not through its effect on protein synthesis is
provided by the results from the barley half-seed assay.

The release

of o^-arnylase from barley half-seeds is dependent on a supply of

40

gibberellic acid which leads to de novo synthesis of the enzyme (17).
Even extremely high levels of alachlor did not substantially inhibit
GA-induced de novo o^-amylase synthesis.

This suggests that alachlor

affects neither the action of GA nor protein synthesis.
Nitrate reductase is a protein which in corn has a half-life of
about 4 hours (16).

If alachlor inhibits protein synthesis, then

the activity of this enzyme should decrease following treatment.
The results show that there was no difference between control and
treated plants during the first 3 days following alachlor treatment.
Nitrate reductase activity decreased in both cases during the first
3 days, but interestingly the enzyme activity of the alachlor treated
plants increased after 3 days while it continued to decrease in the
control plants.

The results show that nitrate reductase was not

Inhibited by alachlor, which is further evidence that alachlor does
not generally inhibit protein synthesis.
Addition of polyclar-AT to the grinding medium partially prevented
the decline in nitrate reductase activity of control plants as measured
by the in vitro method.

In the case of the alachlor-treated plants,

addition of polyclar-AT had no effect 6 days after treatment.

It

would appear then that alachlor might somehow be affecting the level
of phenols and that this effect occurred between 3 and 4 days after
alachlor treatment.

The results of the in vivo nitrate reductase

assays show a similar divergence between control and treated plants
between 3 and 4 days after treatment.
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Phenylalanine ammonia-lyase diverts phenylalnine from the
general pool of amino acids used in protein synthesis to the bio¬
synthesis of phenylpropanoid compounds such as lignin.

The

inhibition of PAL activity by alachlor may have inhibited the
synthesis of these compounds, which could in turn lead to the
inhibition of secondary cell wall synthesis.

We have observed

that alachlor-inhibited Avena seedlings were often weak in the
region of elongation, evidence of a lack of stiffening.

It is

interesting to note that the effect of alachlor on PAL activity
is contrary to GA which has been shown to stimulate PAL activity
and lignification (15).
Alachlor is a derivative of <X-chloroacetamide.

The herbicidal

actions of other derivatives, such as N, N-diallyl-2-chloroacetamide
(CDAA) and N-isoprophyl-2-chloroacetanilide (propachlor), have been
reported to involve an inhibition of protein synthesis (2, 9).

Our

data and Edmondson's report (3) showed that alachlor did not inhibit
protein synthesis.

Evidently, the mode of action of alachlor is

somewhat different from the effects of these related compounds.
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Part III

Light Requirement for Inhibition
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ABSTRACT

A1achlor [2-chloro-2‘,6'-diethyl-N-(methoxymethyl) acetanilide]
inhibited the growth of dark-grown Avena seedlings which were less
than 1 day old (shoots 2 cm or less in length).

Beyond this stage

of growth, the inhibition of Aver.a seedlings was light dependent.
It appeared that at least 8 hr of exposure to light were necessary
to induce any inhibition and that more than 16 hr of light were
required for complete inhibition. At low light intensity (70 ft-c)
there was almost no inhibition in normal atmosphere but strong
inhibition in a C02-free atmosphere, which suggested that the
alachlor Inhibition of older seedlings was dependent on the light
reactions of photosynthesis but not on a product of photosynthetic
C02-fixation.
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Several herbicides are effective only when the treated plants
are exposed to light (4, 5, 6).

Homer and Tomlinson (4) have

reported that the herbicidal activity of dipyridyl diquaternary
salts such as 1,1'-ethylene-2,2'-dipyridiurn dibromide (diquat)
requires the reduction of these compounds to form free radicals
within the plant tissue.

Mees (5) reported that diquat killed plant

tissues both in the dark and light but that the killing rate was
enhanced by light.

He suggested that the formation of a free

radical by reduction is required to make the herbicide effective
and further suggested that energy for reduction comes from the
photolysis of water In the light and from respiration In the dark.
Nitrofen (2,4-dichioro-4'-nitrodiphenyl ether) also requires light
for herbicidal activity (Furuya et_al_.).

Matsunaka (6) reported

that when nitrofen was pre-illuminated in either water or ribo¬
flavin or fluorescein solutions the herbicide did not show any
activity in the dark which suggested that the photoactivation of
nitrofen was not a simple conversion of the herbicide to a toxic
compound by light.

Matsunaka (6) found that both a natural albino

mutant and an artificial white mutant of rice plants were tolerant
to nitrofen in light, while yellow mutants were susceptible.

He

concluded that a pigment In the yellow mutants made an important
contribution to the photoactivation of the herbicide by acting as
the acceptor of light energy.

In this paper, we report some obser¬

vations on the effect of light on alachlor [2-chloro-2‘,6'-diethyl-N(methoxymethyl) acetanilide] inhibition of Avena seedling growth.
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MATERIALS

AND

METHODS

Oat (Avena satlva cv. Orbit) seedlings were grown in sand
as described in Part I (1).

In most experiments the seedlings

were grown under continuous illumination of 800 ft-c provided
by a bank of 12 fluorescent lamps placed 60 cm above the plants.
The temperature was maintained at 27 ± 1.5°C.
of Avena

The elongation

seedlings under these conditions was found to be

linear between the 2nd and 6th day after germination and there¬
fore most experiments were conducted during this period.

To

study the effect of the light period duration and the time of
exposure to light on alachlor inhibition, light-grown plants
were moved to a dark room (also at 27
periods of time.

t

1.5°C) for designated

In some experiments seedlings were grown in

the dark and treated under a green safe light with alachlor
prior to germination or at Intervals thereafter.

Appropriate

light controls were included using plants grown under continuous
Illumination.

In all cases seedlings were treated by subirrigation

with 5 x 10-5M alachlor (99% pure, Monsanto) in half strength
Hoagland's solution (7).

Shoot height was measured immediately

after treatment and at 8 hr intervals for at least 64 hr.
C02-Free Conditions.

To determine the effects of C02-fixation

on alachlor Inhibition of Avena seedling growth, seedlings were
placed In a desiccator under fluorescent light (500 ft-c).

A

stream of air was passed first through a 10% NaOH solution and
then a saturated Ba(0H)2 solution to remove C02, and was then
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circulated through the desiccator.

Appropriate controls were set

up In a second desiccator which was flushed with air passed through
water in place of the alkali solutions.

Plant height was measured

immediately prior to treatment and 50 hr after treatment.
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RESULTS
When Avena seedlings treated with alachlor were grown under
continuous light conditions, the onset of growth inhibition could
be detected 16 hr following treatment and appeared to be complete
within 32 hr (Fig. 1).

This sensitivity of Avena seedlings to

alachlor when grown in the light was observed at all stages of
growth from germination to the two leaf stage, the last stage
treated (Fig. 2A).

In contrast to this response in the light,

inhibition of dark-grown plants by alachlor was dependent on the
age of the seedlings.

Alachlor inhibited elongation of dark-

grown plants only when applied up to 24 hr after seedling germi¬
nation (seedlings less than 2 cm long)

(Fig. 2B).

Beyond this

time there was no inhibition of dark-grown seedlings as long as
they were kept In the dark.
To further test the effect of light on alachlor action, a
series of experiments was initiated with varying light regimes.
Avena seedlings were grown in the light until they were approxi¬
mately 5 cm high and then treated with alachlor.

The results of

the various light and dark treatments are summarized in Table I.
(See also Appendix for figures).

Little or no inhibition occurred

if the plants were exposed to 8 hr or less of light during the
96 hr test period following alachlor treatment.

Increasing the

length of the light period from 8 to 24 hr Immediately after alachlor
application led to progressively greater Inhibition.

When treated

Figure 1.

Effect of alachlor on Avena seedling growth

under continuous light.

Plants were grown under

continuous fluorescent light (800 ft-c) at 27

i

1.5°C.

Shoot growth was measured every 8 hours following
alachlor (5 x 10“5M) treatment.
of three replications.

Data are the average

TIME

(HOURS)

51

(uiUJ)

/

HlM0.y9

Figure 2.

Growth response of Avena seedlings to

alachlor: A in light; B in dark.

Alachlor

(5 x 10“5M) was applied when seedlings were
1) at pre-emergence, 2) 2 cm,
4) 6 cm tall.
5) control.

3) 4 cm, and

No alachlor was applied in
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Table I,

Effect of Light Duration on Alachlor Inhibition of Avena
Seedling Growth.

Plants were grown under fluorescent light

(800 ft-c) at 28 4 1°C.

4

r

Plants were treated with 5 x 10”°M

alachlor in half-strength Hoagland's solution when seedlings
were 5 cm tall.

Shoot growth was measured at 8 hr intervals

up to 96 hr following treatment.

Results are the averages

of three replications

Light treatment following
alachlor application

Time of first detectable
inhibition
hr

Growth
inhibition

%

Continuous light

16-24

100

Continuous dark

none

0

12 hr dark-f’l hr lights dark

none

0

8 hr dark->4 hr light->dark

none

0

8 hr dark-3f8 hr light->dark

16-24

8

8 hr lights dark

24-32

18

16 hr light->dark

16-24

65

24 hr light-^dark

16

100

Alternating 8 hr light, 8 hr dark

16-24

100
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seedlings were exposed to repeated, alternating periods of 8 hr
light and 8 hr of dark, the response was similar to plants held
under continuous light.
To determine whether the light condition prior to alachlor
treatment affected plant response, an experiment was conducted
tn which seedlings were held in the dark up to 8 hr before treat¬
ment.

No growth inhibition was observed during the subsequent

55.5 hr dark period (Fig. 3).

However, if these same plants were

then placed in continuous light, growth Inhibition could be measured
after 24 hr of light exposure.
The observation that older seedlings were not inhibited by
alachlor in the dark suggested that light somehow was involved in
the inhibitory action of the herbicide.

One possibility included

the involvement of some photosynthetic product.

To test this hypo¬

thesis, Avena seedlings treated with alachlor were placed under
continuous fluorescent light at light intensities of either 70 or
550 ft-c.

In this experiment (Table II) growth of the seedlings was

measured only once, 84 hr after treatment.

Under 550 ft-c, growth

of the untreated seedlings and the alachlor-treated seedlings was
essentially the same as that observed under 800 ft-c (cf Fig. 1).
In contrast, under 70 ft-c, while growth of the controls was slightly
greater than at 550 ft-c, there was very little alachlor Inhibition
apparent at the time of measurement.
As another test of the involvement of some photosynthetic product
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Figure 3.

Effect of light on the growth response of Avena

seedlings to alachlor.

Plants were grown under continuous

fluorescent light (800 ft-c) at 27

±

1.5°C.

Seedlings

were held in the dark for 1, 4 or 8 hours prior to
alachlor (5 x 10~5M) treatment and then kept in the
dark for up to 55.5 hours after treatment before being
transferred back to light.
three replications.

Data are the average of

DARK

PERIOD

TIME (HOURS)

LIGHT PERIOD

V.

(ujuj)
57

~\

HIMOdO
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Table II,

Effect of Light Intensity on Alachlor Inhibition.
Avena seedlings were grown under continuous fluorescent
light at 27 ± 1.5°C and treated with 5 x ICf^M alachlor
when they were 4 cm high.

Shoot growth was measured

84 hr following treatment.

Results are the averages

of three replications.

Treatment

Shoot Growth (mm)
550 ft-c

70 ft-c

Control

94.4

118.3

Alachlor

31.1

104.7

tn alachlor-treated inhibition, treated plants were grown in
CC^-free air.

The results of this experiment (Table III),

in which growth was measured 53 hr after treatment, show that
growth inhibition was greater when alachlor-treated plants
were grown in a CC^-free atmosphere.

Table III.

Effect of C02 on Alachlor Inhibition.
were treated with 5 x 10
4 cm high.

-5

Avena seedlings

M alachlor when they were

Following treatment the plants were placed

in a desiccator and a stream of C02«free air was passed
through the desiccator.

Control plants received ambient

air and all plants were grown under continuous fluorescent
light (500 ft-c) at 27 ± 1.5°C.

Shoot growth was

measured 53 hr after treatment.

Results are the averages

of three replications.

Treatment

Shoot Growth (mm)
Ambient air

C02«free air

Control

65.1

62.3

A1 achlor

50.7

23.0
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DISCUSSION
The results presented here indicate that the inhibition by
alachlor of the growth of intact Avena seedling is, except for
very young plants. Tight dependent.

Alachlor completely inhibited

elongation of dark grown seedling only when applied up to 24 hr
after germination.

In contrast, alachlor did not inhibit the

growth of older seedlings when they were kept in continuous darkness.
It appears that more than 8 hours of light exposure are necessary
to induce alachlor inhibition, at least when the herbicide is applied
by subirrigation to Intact seedlings growing in sand.

Shorter

periods of exposure to light, regardless of when given during the
first 16 hr following alachlor application, did not lead to inhibition.
These observations would seem to minimize the possibility that the
light-dependent inhibition caused by alachlor is simply a photo¬
chemical conversion of the herbicide to a toxic compound since many
photochemical reactions occur within seconds or less.
The rate of absorption of alachlor In the dark may be lower
than in the light.

We have reported that the time of onset of

Inhibition is a function of alachlor concentration in Part I (1).
If the uptake of alachlor in the dark is less than that in the light,
then delayed inhibition may occur.

However, this does not seem

likely in that treated seedling could be kept in the dark for up to
56 hours and then,when transferred to the light. Inhibition of growth
could be detected with 24 hr (Fig. 3).

Also, when treated plants
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were exposed to light for varying periods of time and then transferred
to the dark, the degree of inhibition varied but the time of onset
of inhibition was about the same.

This suggests that alachlor was

taken up by the seedlings but was inactive until exposed to light
for a certain minimum length of time.

It thus seems unlikely that

uptake is a major factor responsible for the different responses
of Avena seedlings to alachlor in light and dark.
Increasing the length of the light period immediately after
alachlor treatment led to progressively greater inhibition.

The

cause of the normal, light-induced growth inhibition observed in all
plants is unknown but it could be due to an inhibitor or inhibitors
formed through photosynthesis.

The results presented here show that

when the light intensity was 70 ft-c, which is below the photosynthetic
compensation point, inhibition was also decreased.

However, when

alachlor-treated seedlings were grown in the light but under CC^-free
air conditions, inhibition was enhanced.

Thus, it appears that

products of the light reaction of photosynthesis, that is, ATP
and reduced ferrdoxin or NADPH, may contribute to the inhibitory
action of alachlor.
The light requirement for alachlor inhibition may be a photobiochemical reaction.

Homer and Tomlinson (4) concluded that the

herbicldal activity of diquat involved the reduction of this compound
to form free radicals within the plant tissue.

Mees (5) reported

that the rate of action of diquat was enhanced by light.

He suggested

that the herbicide is reduced to a free radical in the plant as a
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result of photosynthesis which through the photolysis of water
makes available a large reducing potential in green cells.

The

reduction of diquat by NADPH and a flavoprotein from pea chloroplasts under anaerobic conditions was reported by Davenport (8).
Zweig et^ al_. (9) reported that diquat could be reduced almost
quantitatively with an NADPH-generatlng system such as isocitrate
and isocitrate dehydrogenase.

Usually, once the free radical is

formed, it will initiate a chain reaction.

Mees (5) reported that

leaves of diquat-treated bean plants began to blacken within 10
minutes after exposure to light.

In the dark, the treated plant

began to wilt after 48 to 72 hr.

The alachlor inhibition of light-

grown Avena seedlings occurred approximately 16 hr after treatment.
Alachlor had no immediate visible effect on the plants other than
Inhibiting elongation.

Apparently, the biochemical action of

alachlor is different from diquat.
The results presented here have shown that alachlor inhibited
the growth of Avena seedlings under continuous darkness only when the
seedlings were very young.

It is postulated that the younger plants

contain more reducing substances than older ones under continuous
darkness.

This could be because under dark conditions where there

Is no photosynthesis, the food reserves, source of reducing power
and energy, could be rapidly depleted.

An argument against this

possibility is that limiting supplies of energy would be expected
to lead to a diminished growth rate.

This does not appear to occur,

at least during the first 5 to 6 days of growth.
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Under Cf^-free conditions, net photosynthesis should be
zero but the generation of reducing power and ATP would not be
blocked.

This might make available a large amount of reducing

power and ATP within the plant cells.

The enhanced inhibition

by alachlor under CC^-free conditions may somehow involve an
increased concentration of one or both of these metabolites, but
the explanation is not clear at this time.

65

REFERENCES
1.

Chang, T. C,
Part I.

1973. Effect of alachlor on Avena seedling.
Ph.D. Thesis. Univ. of Massachusetts, Amherst.

2.

Chang, T. C. 1973. Effect of alachlor on Avena seedling.
Part II. Ph.D. Thesis. Univ. of Massachusetts, Amherst.

3.

Edmondson, J. B. 1969. Effects of 2-chloro-2‘,6'-diethyl-N(methoxymethyl) acetamilide on cucumber seedling growth.
Ph.D. Thesis. Univ. of Illinois, Urbana, Ill.

4.

Homer, R. F. and T. E. Tomlinson. 1959. Redox properties of
some dipyridyl quaternary salts. Nature 184:2012-15.

5.

Mees, G, C. 1960. Experiments on the herbicidal action of
1,1'-ethylene-2,2‘-dipyridyliurn dibromide. Ann. Appl.
Biol. 48:601-602.

6.

Matsunaka, S. 1969. Acceptor of light energy in photoactivation
of diphenylether herbicide. J. Agr. Food Chem. 17:171-175.

7.

Hoagland, D. R. and D. I. Arnon. 1950.
Calif. Agr. Exp. Sta. Circ. 347.

8.

Davenport, H. E. 1963. Pathway of reduction of metmyoglobin
and nicotinamide adenine dinucleotide phosphate by illuminated
chloroplast. Nature 199:151-153.

9.

Zweig, G., N. Shavlt and M. Avron. 1965. Diquat (1,1'ethylene2,2'-dipyridylium dibromide) in photoreactions of isolated
chloroplasts. Bioch. Biophys. Acta. 109:332-346.

The Water Culture.

10.

Plimmer, J. R. 1970. The photochemistry of halogenated herbicides.
Residue Rev. 33:47-74.

11.

Schrader, L. E., G. L, Ritenour, C. L. Eilrich and R. H. Hageman.
1968. Some characteristics of nitrate reductase from
higher plants. Plant Physiol. 43:930-940.

12.

Weed Society of America. 1970. Herbicide Handbook. 2nd Ed.
p80-83. The W.F, Humphrey Press Inc., Geneva, New York.

66

SUMMARY

A series of studies has been conducted on the effects of
alachlor on the inhibition of Avena seedling growth, protein
metabolism and its interaction with gibberellic acid, light
-5
and carbon dioxide. It was found that alachlor at 5 x 10 M
delayed seed germination by 2 to 3 days but did not reduce the
percentage of germination.

The growth of Avena seedlings was

inhibited by alachlor, with the time of onset of inhibition
being a function of alachlor concentration.

At the highest

alachlor concentration (2.5 x 10"4M) there was a 12 hour lag
period following treatment before growth inhibition could be
measured.
When Avena seedlings were treated at the one-leaf stage
with 1.85 x 10“^M alachlor, all the seedlings died; whereas
at the two-leaf stage the plants were inhibited but able to
survive.

The growth of those plants which survived alachlor

treatment was only temporarily inhibited and after two weeks the
plants resumed growth but only by way of tillers. When shoots
-4
-4
treated with 1.85 x 10 M or 3.7 x 10 M alachlor, at either
the one- or two-leaf stage, were excised 1.5 cm above the crown
5 days after alachlor treatment, there was no growth of tillers
and the plants eventually died.
Addition of GAg simultaneously with alachlor or after alachlor
treatment did not prevent growth inhibition.

However, treatment
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with GA^ (10

M) 24 hours prior to alachlor resulted in normal

growth throughout the test period.
Studies involving protein metabolism suggested that the
inhibitory effect of alachlor on Avena seedling growth is not
by anygeneral inhibition of protein synthesis. A greater
14
Incorporation of
C-leucine Into protein in alachlor-treated
plants was attributed to a greater uptake of the labeled amino
-5
acid. Also at 5 x 10 M, alachlor had no inhibitory effect on
GA Induced alpha-amylase synthesis in barley half-seeds, indi¬
cating it did not inhibit the de novo synthesis of this protein.
Alachlor had no inhibitory effect on nitrate reductase activity
at the concentration shown to inhibit Avena seedling growth.
However, L-phenylalanine ammonia-lyase (PAL) activity was lower
in alachlor-treated plants than in controls.
The inhibitory effect of alachlor on Avena seedlings was
found to be light dependent.

It appeared that at least 8 hours

of exposure to light after alachlor treatment were necessary to
Induce any inhibition and that more than 16 hours of light were
required for complete inhibition.

There was almost no inhibition

at low light intensity (70 ft-c) but strong inhibition in a C02-free
atmosphere.

This suggested that the alachlor inhibition of older

seedlings was dependent on the light reaction or photosynthesis
but not on a product of photosynthetic (^-fixation.
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APPENDIX
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APPENDIX

A series of experiments have been conducted in this laboratory
In an attempt to gain some insight into the mode of action of
alachlor.

The response of a number of different species of plants

to alachlor was examined in order to obtain the most suitable experi¬
mental tissue (Appendix Table I).

Fall panicum (Panicum dichoto-

miflorum) and witch grass (Panicum capillare) were the most susceptible
while corn (Zea mays) was the most tolerant plant among the species
tested.

Alachlor inhibited the growth of fall panicum and witch

grass at concentrations as low as 3.7 x 10~^M and killed the plants
-5
at 3.7 x 10 M when the chemical was applied to the plant at the
one-leaf stage through subirrigation or added as a drench to the
soil surface.

However, these same plants were not killed by as

much as 1.1 x 10’4M alachlor when the treated plants were held in
the darkness, although growth was inhibited.
Avena sativa (oats) was finally selected as the experimental
material for most of the work.

It is not nearly as sensitive as

the Panicums to alachlor but, other than that, Avena possesses a
number of advantages.

Seeds are commercially available.

The

seeds and seedlings are much larger and more easily manipulated
than those of the Panicums.

A great deal of physiological work

has already been done on Avena and so its use in studying the
physiological action of a new chemical minimizes the unknowns.
It was observed that the age of Avena seedlings growing in
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soil, when treated with alachlor, had an effect on the response
observed.

At the early one leaf stage the plants died when

treated with 1.85 x 10

-4

M alachlor whereas at the two leaf stage

the plants were able to survive this concentration (Appendix Table II).
The growth of those plants which survived treatment with alachlor
was only temporarily Inhibited and after two weeks the plants
started to grow again, but only by way of tillers.

The older origin¬

ally Inhibited shoots did not grow again and eventually died.
shoots treated with 1.85 x 10

-4

or 3.7 x 10

-4

When

M at either the one-

or two-leaf stage were excised 1.5 cm above the crown 5 days after
treatment there was no growth of tillers and the plants eventually
died.

These observations suggested that something formed in the

leaves was necessary either to keep the de-topped crown alive or
to permit growth of the tillers.

It is noteworthy that the appli¬

cation of 10”^M gibberellic acid to alachlor-treated and de-topped
plants led to the growth of some tillers instead of leading to
death of the plants.

Other phytohormones, i.e. indoleacetic acid

and kinetin, had no effect.
In germination tests, alachlor at 5 x 10

-5

M delayed Avena

seed germination by 2 to 3 days but did not reduce the percentage
germination (Appendix Table III).

Assuming that alachlor penetrated

the seeds, this observation suggests that the inhibitory effect of
alachlor is not manifested during the early stages of germination.
In addition to the delayed germination it was noted that most of
the treated seedling did not grow out in a normal fashion but that
seedling growth was twisted and contorted.
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Research on the mode of action of certain herbicides has
shown that In some cases the toxic effect may be due to
inhibition of protein synthesis (2).

That this may not be the

case with alachlor, however, is suggested by the observation that
alachlor had no effect on the greening of cucumber cotyledons
(Appendix Table IV) or oat seedlings (Appendix Table V) while
at the same time inhibiting growth (Appendix Fig. 1).

Cyclo-

heximide, on the other hand, drastically inhibited both greening
and elongation.
Based on the above observations, a series of detailed studies
was undertaken to increase the understanding of how alachlor acted
to inhibit growth of Avena seedlings.

Table I.

Effect of Alachlor on Growth of Different Plants.
All plants were grown in soil with alachlor applied as
a soil drench.
Responses of plant species to alachlor

Species

Time of
observation

dumber of leaves
Alachlor concentration
0
1
10
100
Control ppm ppm ppm

Descriptions

Barley
(Hordeum
vulqare)

1 wk
2 wk
3 wk

2.0
3.0
3.5

2.0
3.0
3.5

2.0
3.0
3.5

1.5
1.5
1.5

No effect at 1 and 10 ppm.
Growth inhibited at 100 ppm.
Leaves turned darx green

Barnyardgrass
(Echinochloa
crusgalli)

1 wk
2 wk
3 wk

3.0
4.5
5.0

2.0
4.0
4.0

2.0
2.0
2.0

1.5
1.5
1.5

Inhibited growth at 1 ppm
but recovery 6 wk after
treatment. 10 ppm caused
malformed leaves. 100 ppm
completely killed plants.

Com
(Zea
mays)

1 wk
2 wk
3 wk

4.0
5.0
5.5

4.0
5.0
5.5

4.0
5.0
5.5

4.0
5.0
5.5

No effect on corn at any
concentration.

Fall
panicum
(Panicum
dichotomiflorum)

1 wk
2 wk
3 wk

3.0
3.5
4.5

1.5
1.5
1.5

1.0
1.5
1.5

1.0
1.0
1.0

Growth inhibited at 1 ppm.
At 10 ppm 90% killed and
at 100 ppm 100% killed 6 wk
after treatment.

Witchgrass
(Panicum
capillare)

1 wk
2 wk
3 wk

2.5
3.0
5.0

2.5
3.0
3.0

1.0
1.5
1.5

1.0
1.0
1.0

Growth inhibited at 1 ppm.
At 10 and 100 ppm growth
seriously inhibited and
plants dead 6 wk after treatment

Green
foxtail
(Setaria
vlridis)

1 wk
2 wk
3 wk

4.0
4.0
5.0

4.0
4.0
5.0

2.0
2.0
2.0

2.0
2.0
2.0

No effect at 1 ppm. Growth
slightly inhibited at 10 ppm.
Complete kill at 100 ppm.

Japanese
millet
(Echinochloa
crusqalli
frumentacea)

1 wk
2 wk
3 wk

3.0
4.0
4.5

3.0
4.0
4.5

2.0
2.0
3.5

1.0
1.0
1.5

Growth slightly Inhibited
at 1 ppm. At 10 ppm leaf
development was inhibited
and leaves swollen et the
base.

•
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Table II.

Effect of shoot removal on survival of alachlor-treated
Avena seedlings.

Seeds were planted in 10 cm plastic pots filled with a silt
loam soil and grown under fluorescent light (800 ft-c) at 26°C.
The seedlings were treated with a soil drench of alachlor at
either the 1 or 2 leaf stage and shoots were removed 5 days after
treatment.

The number surviving was recorded one month after

treatment.

Number of Plants Surviving*

Treatment

0

1-leaf stage

2-leaf stage

Alachlor cone.

Alachlor cone.

1.85x10"4M

Shoots intact

12

0

Shoots removed

12

0

,

♦Out of a total of 12 plants.

0

1.85x10'4M

3.7x1 0‘4M

0

12

12

9

0

12

3

0

3.7x10"4M
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Table III.

Effect of alachlor on Avena seed germination.

Oat seeds were germinated in petri dishes (100/dish) at
ambient room temperature with either water or alachlor.

The number

of germinated seeds was determined.

Number of Seeds Germinating
M alachlor

2.5x10

-4

Water

1

0

0

0

2

0

0

0

3

63

60

0

4

25

27

2

5

5

6

13

6

7

5

50

7

- _-

-

18

8

-

-

7

9

-

-

6

98

96

Total number germinated 100

5x10

-5

Days of germination

M alachlor
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Table IV.

Effect of alachlor and cycloheximlde on chlorophyll
content of cucumber cotyledons.

Cucumber seeds were soaked In water for 60 hr with aeration
and then transferred to clear plastic boxes lined with paper
towels and saturated with 30 ml water.
the dark at 20° for 48 hr.

The boxes were held in

The water was then removed, the

boxes rinsed with 10 ml of the appropriate treatment solution
and then given 30 ml of the solution.

After an additional

6 hr of darkness the boxes were placed under continuous light
(700 ft-c) at 27° for 30 hr.

The cotyledons (30 per treatment)

were harvested and stored frozen until assayed for chlorophyll
content.

Chlorophyll content
mg chlorophyll
Treatment

per g fr wt

mg chlorophyll
per seedling

Water

0.815

0.061

Cycloheximide 5 ppm

0.452

0.036

CycToheximide 50 ppm

0.005

0.003

Alachlor 5 x 10’5M

0.451

0.040

Alachlor 5 x 10‘4M

0.718

0.064
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Table V.

Effects of Alachlor on growth and chlorophyll content
of oat seedlings.

Orbit seedlings (5) were germinated for 90 hr in the dark
at room temp, in plastic boxes lined with paper towels moistened
with 30 ml ^0.

After the initial germination period, excess

H2O was pipetted off, the towelling was rinsed once with 10 ml
of th2 test solution, and then 30 ml of solution was added to the
boxes.

All operations were performed under a green safe light.

The boxes containing the seedlings were kept in the dark for an
additional 72 hr and then.transferred to a growth room (27°C)
under continuous light (700 ft-c).

After a further 24 hr period,

the plants were harvested and the lengths of the shoots and roots
were measured.

The initial length of the shoots at time of

treatment was about 2.5 cm.

The chlorophyll content of 1 to 2 cm

segments of leaf sheath encased in the coleoptiles was also
determined.

Length
Shoots
cm

Roots
cm

Chlorophyll
mg/g fr wt

12,8

6.0

0,32

10’^M Alachlor

8,6

4.7

0,25

5 x 10’^M Alachlor

6.0

3.5

0.38

Treatment

HgO control

Figure 1.

Effect of several inhibitors on the growth of

cucumber seedlings.

Seeds which had just germinated

in aerated water were placed on filter paper in petri
dishes and treated with the inhibitor solutions.
plants were grown in light at room temperature.

The
The

data are the averages of three replications with 20
seedlings in each.

TIME (days)
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Figure 2-4.

Growth response of Avena seedlings to 5 x 10~5M

alachlor under continuous light.

Plants were grown and

treated with alachlor under fluorescent light (800 ft-c)
and 27

±

1.5°C.

Shoot growth was measured every 8 hr

following treatment for up to 96 hr.
of three replications.

Data are the average

The three figures illustrate the

variation in the onset of inhibition.

90 r CONTINUOUS LIGHT

(HOURS)

TIME

55.5

48

40

TIME (HOURS)

CONTINUOUS LIGHT

81

(wuj) H1M0H9

001
(UJUJ)
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Figure 5.

Growth response of Avena seedlings to 5 x 10

alachlor under continuous darkness.

-5

M

Plants were grown

and treated with alachlor under continuous fluorescent
light (800 ft-c) and 27

1.5°C.

Immediately follow¬

ing treatment they were transferred to the dark.
are the average of three replications.

Data

| jq

1

'<V

TIME (HOURS)

DARK

84

(UJUJ)

HIMOdO

Figure 6.

Effect of the length of the light period on the

Induction of alachlor inhibition of Avena growth.
Plants were grown and treated with alachlor under
continuous fluorescent light (800 ft-c) and 27 ± 1.5°C.
-5
Eight hr after treatment with 5 x 10 M alachlor, the
plants were transferred to the dark.

Shoot growth

was measured every 8 hr following treatment for up to
72 hr.

Data are the average of three replications.
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Figure 7.

Effect of the length of the light period on

the Induction of alachlor inhibition of Avena growth.
Plants were grown and treated with alachlor under
continuous fluorescent light (800 ft-c) and 27 * 1.5°C.
-5
Sixteen hr after treatment with 5 x 10 M alachlor,
the plants were transferred to the dark.

Shoot growth

was measured every 8 hr following treatment for up to
72 hr.

Data are the average of three replications.
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Figure 8-10.

Effect of light exposure on the growth of

alachlor-treated Avena seedlings.

Plants were

grown under fluorescent light (800 ft-c) and 27 ± 1.5°C.
The experiment was initiated by transferring the plants
-5
to the dark and treated with 5 x 10 M alachlor. After
8 hr they were exposed to light for 1 (Fig.8), 4 (Fig. 9),
or 8 (Fig. 10) hr, then transferred back to the dark.
Data are the average of three replications.
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Figure 11.

Effect of the length of the light period on the

induction of alachlor inhibition of Avena growth.

Plants

were grown and treated with alachlor under fluorescent
light (800 ft-c).

Eight hr after treatment with 5 x 10"^M

alachlor, the plants were transferred to the dark; 55.5 hr
after alachlor treatment the plants were transferred back
to the light.

Data are the average of three replications.
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Figure 12.

The effect of a one hour light period on the

growth of Avena seedlings In the dark.

Light-grown

seedlings were exposed to white light (L)f 800 ft-c,
for 1 hr and then returned to the dark (D).

The

seedlings were about 5.5 cm tall at the initiation
of the experiment.
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Figure 13.

The effect of varying light periods on the

growth of Avena seedlings In the dark,

Light-grown

seedlings were about 5.5 cm tall at the initiation
of the experiment.
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Figure 14.

Structure of alachlor, 2-chloro-2‘,6

diethyl-N-(methoxymethyl) acetani11de.
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